ABSTRACT Mating competitiveness trials have been conducted in large net-screened enclosures (8 by 5 by 2.8 m) built in a natural shaded environment, in the summers of 2006, 2007, 2008, and 2009 in northern Italy. Aedes albopictus (Skuse) males were radio-sterilized by applying gamma radiations at doses in the range 30 Ð 60 Gy. Gamma radiation was administered to aged pupae at the rate of 2.3 Gy/min. Reared radiated males (originally collected in Rimini, Forlõ, Bologna, Matera, Pinerolo) and hybrid radiated males were tested against wild fertile males (originated from eggs collected in Rimini and Cesena) and reared fertile males, in multiple comparisons for mating competitiveness with reared or wild females. The ratio was kept constant at 100 Ð100_100 (fertile males-radiated males_virgin females). Mating competitiveness was estimated through the calculation of the hatching rate of the eggs laid in oviposition traps positioned inside enclosures. No clear effect of the strains tested (reared, wild, or hybrid) was found. Results demonstrated that reducing the radiation dose from 60 to 30 Gy increases malesÕ competitiveness. Laboratory investigations conducted after controversial results in the 2006 preliminary trials, showed that radiation induces precociousness in adult male emergence.
In a few years from its arrival in Italy, Aedes albopictus Skuse has gained the position of most important public health species and is at the top of the noxious species list (Sabatini et al. 1990 , Romi 2001 . The current control measures (larval control, source reduction, and community participation) seem not adequate to achieve satisfactory results in terms of population density reduction below a deÞned threshold level (Carrieri et al. 2008) . This was the main reason that stimulated the starting of a Sterile Insect Technique (SIT) research program some years ago (Medici et al. 2000) .
Ae. albopictus shows several bio-ecological features that make it a good candidate for the application of an Area-Wide SIT approach: it is a recently imported species with populations showing little genetic variability (Urbanelli et al. 2000) ; it prefers to colonize urban areas, whereas in rural and natural areas the densities are generally very low (R. B., unpublished data); it has only modest active dispersal capacity (Hawley 1988) ; and in temperate regions it suffers of regular large population declines because of natural mortality during winter months (Bellini et al. 1996) .
At the Centro Agricoltura Ambiente, a mass rearing has been developed for the production of 200.000 males per week. Male sterilization occurs at the pupal stage at the SantÕAnna Hospital of Ferrara by gamma rays (Balestrino et al. 2010) . It is well-known that the mating competitiveness of mass reared radiosterilized males can be affected by two kinds of problems: 1) Possible reduction of the Þtness because of the inbreeding conditions induced by the rearing under artiÞcial conditions, which may cause a decrease in genetic diversity with a loss of the genotypes more adapted to natural conditions (Coppel and Merlins 1977 , Asman and Reisen 1987 , Hansson and Westerberg 2002 , Red and Frankham 2003 . McDonald (1979) , comparing wild-collected Culex tarsalis Coquillet strains with laboratory reared ones, found a rapid adaptation to the artiÞcial conditions as early as at the fourth generation. On the other side, several authors investigated possible heterosis phenomenon in different mosquito species (Seawright et al. 1975 (Seawright et al. , 1977 Terwedow et al. 1977; Rull and Barreda-Landa 2007) showing sometimes relevant beneÞcial effects in hybrid males competitiveness. Based on these studies, the possible role of heterosis in the production of more competitive males remained controversial and not well investigated in relation with the different methods for hybrid production and Þnal hybrid quality.
2) Reduction of the male mating performances because of radiation exposure, which may cause somatic damages. A thorough costÐ beneÞt evaluation of the best effective dose is thus required, as there is large consensus about the crucial importance of the sterile male sexual competitiveness for the successful application of SIT (Dame and Schmidt 1962 , Reisen 1985 , Parker and Mehta 2007 . Reisen et al. (1981 Reisen et al. ( , 1982 , irradiating Cx. tarsalis males pupae with 60 Gy, showed that although irradiated wild males were 1:1 competitive with nonirradiated wild males for wild females, irradiated reared males (9 Ð16 generations) were much less competitive (29%) than wild ones. Although it is assumed that competitiveness studies conducted in large enclosures can provide more reliable indication than laboratory studies conducted in small cages as regard to the real competitiveness of the sterilized males under Þeld conditions, no information is available on the best size of the enclosure and on the speciÞc requirements of different mosquito species. Balestrino et al. (2010) , in laboratory studies, found an exponential relationship between radiation dose and induced sterility, but the deÞnition of the optimal radiation dose (the dose at which the radiated males have the highest capacity to induce sterility into a wild population for a certain period of time) requires further investigations both through semiÞeld and Þeld studies.
We compared different Ae. albopictus strains (started from Þeld materials collected in geographically separated Italian areas) and radiation doses, and we measured the efÞciency of the enclosures we used as a model for competitiveness studies.
As we hypothesized that radiation may induce precociousness in the emergence process, as observed in Glossina pupae by Curtis (1970) , we also planned experiments to assess to what extent this phenomenon occurs in sterilized Ae. albopictus males.
Materials and Methods
Colony Maintenance. The strains used have been reared in our laboratory and the procedures followed in maintaining the mosquitoes were described in Bellini et al. 2007 . Lab strains were maintained in Plexiglas cages (50 by 50 by 50 cm) at a density of 1,000 Ð1,500 individuals per cage.
Ae. albopictus Strains. Strains are described in Table  1 . They were obtained from Þeld materials collected in northern Italy near the Alps (Pinerolo, 44Њ 53Ј4Љ N, 7Њ 20Ј51Љ E); in three localities near the Adriatic sea (Rimini, 44Њ 3Ј39Љ N, 12Њ 34Ј59Љ E; Forlõ, 44Њ 14Ј16Љ N; 12Њ 3Ј33Љ E; Cesena, 44Њ 8Ј19Љ N, 12Њ 14Ј20Љ E); and in the center of the Po plain (Bologna, 44Њ 29Ј38Љ N, 11Њ 20Ј34Љ E). One strain was collected also in southern Italy (Matera, 40Њ 40Ј7Љ N; 16Њ 36Ј21Љ E) (Fig. 1) . Lab colonies (R) from F5 to the F42 were used for the study. Any F1 hybrid generation was obtained by crossing lab colonies of Ϸ300 males and 300 females.
Wild biological materials were collected at the egg stage and reared to pupae to be used for the experiments without any lab generation.
The ratio between sterile males-fertile males_virgin females was kept constant at 100:100:100 for all of the experiments. Control enclosures were provided with 200 fertile male pupae:100 virgin adult females. Competitiveness trials were run comparing different parental and hybrid combinations of sterile malesfertile males_virgin females as follows: Wild-Reared_ Wild, Reared-Wild_Wild, Reared-Reared_Reared, and Wild-Wild_Wild.
Environmental and Positional Factors. Combinations were hosted in different enclosures at any trial by using a rotation scheme, to avoid any possible positional inßuence.
Weather parameters (minimum and maximum daily temperatures, rain, daily mean RH) were obtained from the weather station of Castelfranco Emilia (of the Regional Agency for Environmental Protection-Meteorological Service) situated 16 km far from the enclosures.
Large Enclosures Size, Female Release Delay, and Mosquito Density. The insect proof net-screened enclosures (sized 8 by 5 by 2.8 m) were made with semicircular metal frame supported Arrigoni Biorete (40 mesh) and covered with Arrigoni Ombraverde (70% shadow) (Arrigoni, Uggiate-Trevano, Italy) (Fig. 2 ). They were built in an urban vegetated area in the shadow of poplar (Populus sp.) and oak trees (Quercus robur L.) in Anzola dellÕEmilia, Bologna province, Italy (44Њ 32Ј51Љ N, 11Њ 11Ј43Љ E). In 2006, four bushes (two Prunus laurocerasus L. and two Eleagnus sp.) in pots were positioned inside each enclosure to offer resting sites and shadow to adult mosquitoes, whereas in successive trials we did not introduce any plant, as we realized they were not needed. The enclosures were irrigated daily to guarantee grass growing and high humidity. Irradiated and control male pupae were placed in enclosures by using plastic containers with water, whereas females were introduced together with male pupae in 2006, and 3 d later in 2007Ð2009. Only in 2006, three paper balls imbibed of 10% sugar solution were disposed on the ground as energy source, whereas in successive trial years the presence of phytophagous insectsÕ excretions on wild vegetation ensured sufÞcient carbohydrates supply to mosquitoes.
Pupae Sieving and Gamma-Rays Radiation Levels. In 2006, pupae were sexed when aged 16 Ð 40 h, whereas in 2007Ð2009 when aged more then 30 h. The sieving method is described in Bellini et al. (2007) . After 4 Ð 6 h from sexing, pupae were irradiated using the 137 Cs plan at the S. Anna Hospital, Department of Health Physic, Ferrara, Italy (Balestrino et al. 2010) . Different radiation doses were tested: 50 Ð 60 Gy in 2006, and 30 Ð 40 Gy in 2007Ð2009 (Table 1) .
Blood Feeding and Egg Laying. Four ovitraps were positioned on the ground in each enclosure on the day of female release. In the preliminary trials (2006) the bloodmeal was offered 4, 5, and 6 d after femalesÕ introduction. In the other experiments, one single bloodmeal was provided with the same methodology 2 d after the femalesÕ introduction. Three technicians stood inside each enclosure for 10 min between 6:00 and 7:00 p.m. The number of blood feeding females was registered to calculate the mean female fecundity over the total number of eggs laid in the ovitraps. All the eggs were collected at the end of the trial (see Table 1 ) and underwent a standard lab procedure for hatching (Bellini et al. 2007 ) to calculate the fertility levels.
Capacity to Induce Sterility Index. Female fecundity, percent egg hatching, and capacity to induce The number of replicates is referred to the radiation treatment.
sterility (CIS Index) were calculated either in the competitiveness enclosures (where different combinations of parental and hybrid, reared and wild, and radiated and fertile males and females were hosted) or in the controls (where analogous combinations of nonradiated males and females were released). We adopted the CIS Index to achieve a net comprehensive estimate of the real capacity to introduce sterility into the population. CIS Index has been calculated by means of the following equation:
where F and S are the number of fertile and sterile males, respectively, in the competitiveness enclosure; PT is the percent egg hatching in the control enclosure; and PC is the percent of egg hatch in competitiveness enclosures. Male competitiveness also has been assessed through the calculation of the Fried index (Fried 1971, Hooper and Katiyar 1971) : Measurement of Male Precociousness Induced by Radiation. Under laboratory conditions (mean temperature 27 Ϯ 2ЊC, 75 Ϯ 5% RH), every 30 min we checked adult emergence from pupae radiated with 60 Gy when aged 30 Ð 40 h versus nonradiated male pupae.
Recovery in Male Fertility. In 2009, one trial was run with 200 radiated males together with 100 virgin females of the same strain. One week after the Þrst session, all eggs and females were collected and 100 new 3Ð 4-d-old virgin females were introduced into the enclosures, blood fed, and eggs were checked for fertility.
Male and Female Survival. In 2008 and 2009, trials ended with the collection of all the living adults after 5, 11, 13, 14, and 18 d from release (see Table 1 ). Data were used to estimate the average daily survival rate for control fertile males, males radiated at 30 and 40 Gy and for females.
Statistical Analyses. For each year of trial, percent egg hatching was compared among all the tested strain combinations. After arcsine transformation, percent egg hatching was statistically analyzed by means of one-way analysis of variance (ANOVA), with the averages compared by NewmanÐKeuls test. Data then were analyzed by block ANOVA to compare the different radiation treatments. The number of eggs per enclosure and the number of eggs per female underwent the same kind of analysis.
CIS Index and Fried index were calculated for each single trial and averaged over radiation treatment, then compared by means of block ANOVA.
The same analysis was run to compare the survival rates of males radiated at 30 and 40 Gy and of nonradiated males.
Differences in the residual fertility between males aged 3 and 4 d and 10 Ð11 d at 30 and 40 Gy doses were analyzed by means of block ANOVA, considering the age of males and the radiation dose as main factors.
The linear correct method (Harrington et al. 2001 , Buonaccorsi et al. 2003 ) was used to estimate the survival rate.
The effectiveness of 60 Gy radiation in inducing hatching precocity was analyzed by regression analysis, comparing the percentage of emergence over time between radiated and nonradiated control males. The parallelism test was run between the two sets of data.
All data are reported with their standard deviation. Data were analyzed using StafSoft program.
Results

Environmental Variables.
No statistically signiÞ-cant differences were found in the mean number of eggs per female (F ϭ 1.61, df ϭ 2,13, P ϭ 0.237) and in the percentage eggs hatching (F ϭ 2.04, df ϭ 2,13, P ϭ 0.169) according to the position occupied by the control enclosure in the course of the study (Table 2) .
Radiation at 50 -60 Gy. In 2006 trials, statistically signiÞcant differences were found in egg hatching percent between control enclosures (90.04 Ϯ 8.98%) and competitiveness enclosures (20.82 Ϯ 10.55%), but not between the two levels of radiation (F ϭ 35.26, df ϭ 6,8, P Ͻ 0.0001). Different combinations of wild and reared, and fertile and sterile strains did not result in statistically signiÞcant differences (Table 1) . The competitiveness index (CIS Index) showed an impressive variability, with sterile males always more competitive than fertile ones (CIS Index Ͼ1). This unlikely and meaningless Þnding prompted the study on a possible radiation effect of inducing emergence precocity.
Male Emergence Precocity Induced by Radiation. Statistically signiÞcant precocity in adult emergence was observed in male pupae when radiated with 60 Gy. The mean shortening of the pupal stage duration was calculated in 2.94 h at 50% of male emergence, and 5.26 h at 90% emergence. Regression lines were coincident (t ϭ 1.073 and P ϭ 0.855) but not parallel (t ϭ 5.13, P Ͻ 0.0001) (Fig. 3) . This means that irradiated males started to emerge together with nonradiated once, but the period necessary for the emergence of all radiated males was shorter than the period of All data are reported as mean Ϯ SD. Fig. 3 . Adult emergence timing for male pupae radiated at 60 Gy versus nonradiated control. emergence of nonradiated once. Due the emergence precocity induced by radiation, in successive trials females were introduced some days later than males.
Ae. albopictus Strains. No evidence of mating incompatibility between different strains (Pinerolo, Rimini, Cesena, Bologna, Matera) was observed in the course of the study. We maintained all the strain combinations under rearing conditions at the Laboratory for several generations and all the rearing parameters (survival, mating, hatching rates) appeared to be normal.
Hybrid-Parental Combination Effect (2007).
The mean fecundity, hatching rate, and CIS Index obtained for each single trial are reported in Table 1 ) was found (F ϭ 0.70, df ϭ 3,4, P ϭ 0.60); therefore, data were cumulated and referred to as the hybrid strain. As reported in Table  3 , the hatching rate in the competitiveness trials with hybrid males was signiÞcantly lower than in control enclosures (F ϭ 13.79, df ϭ 4,5, P Ͻ 0.01).
Competitiveness of Males Radiated With 30 and 40 Gy. As showed in Table 1 (Table 4 ) was very near to achieve the statistical signiÞcance (F ϭ 7.44, df ϭ 1,4,P ϭ 0.053).
Recover in Fertility in Radiated Males (2009).
Residual fertility in 3Ð 4-d-old males is reported in Table  5 and was very similar to the values observed under laboratory conditions at the same radiation dose (Balestrino et al. 2010) . When the Þrst pools of females were removed from the enclosures and new virgin females were introduced together with the 11-d-old males, we observed a recover of fertility in both 30 and 40 Gy treated males (Table 5 ). The recover in fertility was about twofold in 30 Gy treated males (from 4.37 to 8.64%), and about sixfold in 40 Gy treated males (from 0.82 to 4.93%), but the difference was not statistically signiÞcant (F ϭ 38. 7, df ϭ 1,1, P ϭ 0.10).
Male and Female Survival (2008 and 2009).
By collecting all the living adults at the end of the trials (after 5Ð18 d from males release) we estimated an average daily survival rate of 0.91 for control fertile males (R 2 ϭ 0.74, F ϭ 8.39, df ϭ 1,3, P ϭ 0.06), and of 0.95 for control females (R 2 ϭ 0.78, F ϭ 14.36, df ϭ 1,4, P Ͻ 0.02), showing that our protocol and enclosure environment were comfortable enough for both males and females. No statistically signiÞcant difference was observed in the survival rates of control males versus control females (F ϭ 5.95, df ϭ 1,3, P ϭ 0.09).
When comparing the survival rate of control enclosures (nonradiated males) (SR ϭ 0.91) with competitiveness enclosures (with nonradiated males plus radiated ones) at 30 and 40 Gy, no statistically significant differences were found (SR 30 Gy ϭ 0.93, df ϭ 1,3; F ϭ 183.78 and P Ͻ 0.001; SR 40 Gy ϭ 0.89, df 1,3, F ϭ 61.88 and P Ͻ 0.005) (F ϭ 0.12, df ϭ 2.41, P ϭ 0.89). 
Discussion
The two main obstacles to be considered and managed to develop a successful SIT program are the selective negative pressure of the mass rearing on the Þtness of reared males and the somatic damage induced by radiation (in case radiations are used as a sterilizing method).
To distinguish and quantitatively measure the impact of these two factors on the mating competitiveness of sterile males, speciÞc protocols must be developed in order to obtain more information on the interactions between the two.
It has been shown that, under some circumstances, experimental conditions may affect the capacity to measure insect behavior: cage size inßuenced the mating competitiveness of Glossina morsitans orientalis Vanderplank (Dean et al. 1968) ; oviposition behavior of Cx. tarsalis may be strongly inßuenced in artiÞcial cages (McDonald et al. 1978 , McDonald 1979 ; and competitiveness levels of Anopheles arabiensis Patton sterile males were affected by enclosure designs (Helinski and Knols 2008) .
The surprising results we obtained in the Þrst trials (2006), which showed a strong advantage in competitiveness for sterile males against fertile males, were explained successively by the biased competitive advantage provided to sterile males by radiation-induced precocity. Radiated males could start to perform mating behaviors some hours before the nonradiated males, exploiting a biased competitive advantage provided by the experimental protocol. The phenomenon of radiation-induced precocity was observed in other insect groups such as Glossina by Curtis (1970) .
Actually, the changes to the protocol adopted starting in the 2007 trials produced much more reliable results, even if the large amount of variability between trials replicates remained a constant phenomenon for which we have no clear explanation. More investigations are necessary to explore the details of the experimental models, to understand possible modiÞca-tions to be introduced, and to improve the sensitivity of the method and consistency of the results, all while considering the priority of ensuring conditions, simulating real Þeld situations as much as possible.
The number of eggs collected per number of blood fed females in each trial (counted by the volunteers during blood feeding) was taken as a measure of female fecundity that was in the range of 30 Ð 60 eggs per female. Data showed a large variability but was not far from the values known for this species under laboratory conditions.
It is likely that the observed increased mean number of eggs per female during the course of the study was because of the techniciansÕ increased skillfulness during blood feeding operations and to the general improvement of enclosuresÕ management.
In trials conducted with Ae. aegypti hybrids, a remarkable advantage in competitiveness was shown (Seawright et al. 1975 (Seawright et al. , 1977 , so the possible handiness of a SIT program relying on hybrid males remains to be carefully explored by possibly planning to cross individuals from genetically well differentiated strains. Heterosis may also be useful in mass rearing organization, for the possible positive effect on pupation synchronicity and adult emergence, as evidenced by Craig (1964) . The number of individuals to be used to start parental colonies to be employed for hybrid production is a matter of discussion, and a lack of homozygosis in the parental lines could be regarded as a possible factor leading to the decrease of the heterosis beneÞts in the hybrids (Nunney 2002) . A colony of 1,000 individuals was considered large enough to guarantee a sufÞcient level of genetic variability in Ae. aegypti rearing without important negative impacts (Stahler and Terzian 1966) .
By examining the results obtained from both the combinations of males tested in our study (i.e., wild versus reared and hybrid versus parental), we did not Þnd any improvement in mating competitiveness related to possible heterosis phenomenon, according to the Þndings of Urbanelli et al. (2000) , which Ae. albopictus in Italy did not show genetically differentiated populations. In our laboratory, parental lines were kept in several cages with Ͼ1,000 individuals each up to F 18 and hybrids were obtained by crossing Ϸ300 males and 300 females. The genetic data obtained from the parental lines seems to conÞrm a lack of homozygosis as a possible cause for the absence of heterosis in the hybrid males (R. B., unpublished data).
The impact of mass rearing on the male mating competitiveness was measured by competing reared males with wild males for wild females. The Þnding that no evidence of any mating performance reduction of reared males in comparison to wild ones seems to demonstrate that the mass rearing scheme adopted in our lab do not lead to select low Þtness strains, or at least to select males with relevant enough weakness to be detected in our comparative trials. But the question if wild males and females behave differently from reared ones when released in enclosures remain unanswered. In our opinion, the wide range of the percent egg hatching in control enclosures (wild females mated with wild males) can be considered as an indication of the difÞculty to simulate natural conditions under any kind of enclosure.
The survival of adults in enclosures was quite surprising considering that we didnÕt supply any energetic source to the males, although the females got a bloodmeal, and the only available source was constituted by quite scarce honey dew from Metcalfa pruinosa (Say), naturally infesting the wild vegetation.
The lack of differences between the survival rates in control enclosures and competitiveness enclosures seems to indicate that survival rates of radiated males is not different from that of nonradiated ones, in agreement with Balestrino et al. (2010) , who in laboratory cages did not Þnd any signiÞcant negative effect on male longevity of 40 Gy radiation doses and below. Further trials should be run by releasing only radiated males under large enclosures to conÞrm this Þnding.
Daily survival of non radiated males (0.91) was not statistically different from that of nonradiated females (0.95), in contrast with survival data obtained under laboratory conditions, that show a markedly longer lifetime for females (Delatte et al. 2009 ). This Þnding may be explained by the different ßight behavior in enclosure between males, mostly swarming in speciÞc positions and rarely impacting the net, and females, more prone to disperse out of the enclosure thus frequently impacting against the net. The sex biased difference in the stress and damages deriving from impacting the net, therefore, could be an explanation of the survival data obtained under enclosure conditions.
The series of trials showed the convenience of reducing the radiation dose from 60 Gy to 40 and 30 Gy in term of net capacity to introduce sterility into the females, indicating that the reduction in male sterility level is overcompensated by the increased competitiveness of partially sterile males. The CIS Indexes obtained with the lower radiation doses tested (CIS Index 30 Gy ϭ 0.96, CIS Index 40 Gy ϭ 0.71) are quite satisfactory and conÞrm the possibility of pursuing the SIT application pilot phase. Unfortunately, because of the high variability in the trial datasets, the difference between the two CIS index values was only near to achieve the statistical signiÞcance. Nevertheless, the results obtained allow to hypothesize that 30 Gy can represent a better compromise between the necessity of inducing sterility, although maintaining high competitiveness levels. To deeper investigate which is the best radiation dose, a speciÞcally designed protocol aiming to reduce variability must be developed.
